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KLOE measurement of the charged kaon absolute semileptonic BR's 
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This paper is devoted to the measurement of the fully inclusive absolute branching ratios of the 
charged kaon semileptonic decays, K — > TT e ± v('y) and K — > ty° fj, uM. 
have been done using a tag technique, employing the two-body decays K 

tt^tt , and using a sample of about 410 pb _1 collected during the 2001 and 2002 data taking of 
the KLOE experiment at DA$NE the Frascati <f> factory . The results obtained are BR(K e3 ) — 
0.04965 (38) stat (37) Sys < and BR{K^) = 0.03233 (29) s tat (26) 3y3t . 
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The most precise verification of the unitarity of the 
CKM mixing matrix is obtained today from the V us 
and Ki d values, neglecting K 1 b| 2 ~0.00002. With the 
KLOE detector we can measure all experimental in- 
puts to V us : branching ratios, lifetimes, and form fac- 
tors. Here we report about the measurement of the 
fully inclusive absolute branching ratios of the charged 
kaon semileptonic decays, K — > 7r°e ± i/(7) (K±) and 
K ± — > 7r°/i ± i/(7) (K^ 3 ), using a sample of about 
410 pb" 1 collected during the 2001 and 2002 data tak- 
ing. 

The first section (|TJ brefly describes the accelerator 
DA$NE and the KLOE detector. The measurements 
have been done using a tag technique presented in sec- 
tion |nj The following two sections are dedicated to 
the selection of the tag samples and the signal 
sample (jIVp respectively. MC efficiency has to be cor- 
rected using suitable Data and MC control samples, as 
described in section |Vj The results are summarized 
in section IVI1 while the last section (|VII|) contains 
information about the V us extraction and the lepton 
flavour violation test, using all the K l3 KLOE results. 



I. DA$NE AND KLOE 

In the DA$NE e + e~ collider, beams collide at a 
center-of-mass energy W ~ M(<f>). Since 2001, KLOE 
has collected an integrated luminosity of ~2.5 fb _1 . 
Results presented below are based on 2001-02 data 
for ~450 pb _1 . The KLOE detector consists of a large 
cylindrical drift chamber surrounded by a lead/scin- 
tillating-fiber electromagnetic calorimeter. A super- 
conducting coil around the calorimeter provides a 
0.52 T field. The drift chamber Q is 4 m in di- 



ameter and 3.3 m long. The momentum resolution 
is <j(jpt)/pt ~ 0.4%. Two track vertices are recon- 
structed with a spatial resolution of ~ 3 mm. The 
calorimeter Q composed of a barrel and two end- 
caps, covers 98% of the solid angle. Energy and 
time resolution are a(E)/E = 5.7%/y/E(GeV) and 
a{t) = 57 ps/V£:(GeV) © 100 ps. The KLOE trig- 
ger Q uses calorimeter and drift chamber informa- 
tion. For the present analysis only the calorimeter 
signals are used. Two energy deposits above thresh- 
old, E > 50 MeV for the barrel and E > 150 MeV 
for the endcaps, are required. 



II. METHOD OF MEASUREMENT 

The <j> meson decays mainly into kaons: 49% to 
K + K~ and 34% to Kj,-Ks pairs. The identification 
of the K + automatically tags the presence of a K~ ; 
the same holds with reversed charges. In KLOE K ± 
decays are tagged efficiently by the identification of a 
two body decay of one of the kaons. Both 



{K^ 2 ) and K ± — > TT ± Tr a (K^ 2 ) decays have been used 
for the measurements presented in this paper. 

The use of a tagging technique gives the possibility 
to perform absolute branching ratio measurements. 
The branching ratio of the signal decay can be ex- 
tracted from: 



BR{Sig) 



Sig 



N Tag e FV e Sig e Tag (Sig) 



where e FV is the geometrical acceptance of the fidu- 
cial volume, and s SIG is the signal reconstruction and 
selection efficiency. s SIG is measured directly using 
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the MC, and corrected for the different behaviors for 
Data and MC of quantities involved in the measure- 
ment like the tracking efficiency or the single photon 
efficiency. 

In principle, the capability of selecting a tag kaon 
does not depend on the decay mode of the other kaon. 
In fact the geometrical superimposition of the "tag" 
and "signal" part of the K + K~ event, and the fact 
that the trigger and the background rejection and 
tracking procedures look at the event globally, make 
the separation in two distinct hemispheres arbitrary. 
In short, the tagging efficiency is not indepen- 
dent of the K T decay mode, and the tag bias has to 
be therefore carefully studied. The factor 

ZjBR(i)e Tag (i) 

£ Tag( Si 9) 

should be equal to 1, if for each decay mode, i, the 
efficiency, e(i) = e.This is referred to as the tag bias 
and can be measured only using MC. The correction 
due to the different behaviors for Data and MC of 
specific processes or sub-detectors has been measured 
in suitable dowscaled event samples. 



III. TAG SELECTION 

The measurement of the branching ratios for the 
K semileptonic decays is performed using four data 
samples defined by different decay modes for the tag- 
ging kaon: K + 2 , K^ 2 , K~ 2 , and K~ 2 . This redundancy 
allows the systematic effects due to the tag selection 
to be kept under control. 

Tagging kaons are identified as tracks with momen- 
tum 70 < pk < 130 MeV, originating from the e + e _ 
collision point (LP.). The kaon decay vertex must be 
within a fiducial volume (FV) defined as a cylinder of 
radius 40 < r < 150 cm, and height — z — jl30cm, 
centered at the LP., coaxial with the beams. The de- 
cay track, extrapolated to the calorimeter, must point 
to an appropriate energy deposit. K 2 (K^ 2 ) decays 
are selected by applying a 3<r cuts around the muon 
(pion) momentum calculated in the kaon rest frame, 
according to the proper mass hypothesis. For the K^ 2 
tag, identification of the ir° from the vertex is also re- 
quired. Finally, to reduce the dependency of the tag 
selection efficiency on the decay mode of the signal 
kaon, the energy deposits associated to the tagging 
decay, are required to satisfy the calorimeter trigger. 
In the analyzed data set about 60 million tag decays 
were identified and divided into the four tag samples. 

The value of the tag bias, which accounts for the 
capability to separate each event into a "tag" and a 
"signal" part, is shown in table Hill separately per tag 
and per signal. This correction ranges from about -3% 
to +4% following the tag sample used. 



IV. SELECTION OF SEMILEPTONIC A± 
DECAYS 

The reconstruction of a one-prong kaon decay ver- 
tex (performed with the same requests used in the 
identification of the tag) is the first step of the selec- 
tion followed by the identification of a ir° associated 
to the decay vertex using a time of flight technique. In 
doing this, for each cluster not associated to a track, 
the kaon decay time, fj, is calculated using the cluster 
time, t l clu , and the distance, Li, between the vertex 
and the cluster position: tj = t' L clu — Li/c. This time 
should be the same for two photons coming from a ir° 
decay, and at least a pair of clusters has to satisfy the 
condition t\ — t<i < 3cr t (a t — o t l © o- t<2 )- Using the 
energy and the position of the clusters of the selected 
pair, the 77 invariant mass is calculated and a 3cr cut 
(a ^18 MeV) is applied around the nominal ir° mass. 
It is intended to remove events with accidental coinci- 
dence of clusters due to machine background clusters 
entering the calorimeter. 

To isolate the K e3 and K 3 decays, the lepton is 
identified by a time of flight technique. This requires 
that the lepton track is extrapolated to the calorime- 
ter and geometrically associated to a calorimeter clus- 
ter. Specifically, the kaon decay time estimated from 
the 7T° photons (t'^, cay ) should be equal to the one es- 
timated from the charged track {tf^ v ), if the correct 
mass has been assigned to it. The kaon decay time, 
estimated from 7r° photons, is: t^o Cay = ti — Li/c. 
For the lepton the proper track length and velocity 

are used: t%£ v = t lept - j^- c 

ti ept is the time of the cluster associated to the sec- 
ondary track, and pi ep t and Li ep t are respectively the 
momentum, measured in the laboratory rest frame, 
and the length of this track. The lepton mass is then 
obtained, imposing t^Q Cay = t 



Pfept+ m tept' Where 



decay . 
lept 



mfept 



Piept ' 



T 2 

^lept 



(t lep t-tf aV ) 2 -I 



To fight against the more abundant two body de- 
cays, the momentum of the secondary track is com- 
puted in the kaon rest frame, using the pion mass hy- 
pothesis. All events with p*>195 MeV are rejected. 
Only poorly reconstructed K^ 2 and K^ 2 kinks, or K v2 
events with an early tt^ decay, survive this cut. These 
last events are rejected imposing to the lepton momen- 
tum (p*) calculated in the center of mass of the 7r ± 
(defined as missing momentum at the decay vertex, 
Pk - P-ko), the condition p*>60 MeV. After all se- 
lection cuts, the contamination from non-if 13 events 
is less than ~1.5% in each tag sample. To obtain 
the number of signal events, a constrained likelihood 
fit is applied to the rnf ept data spectrum using a lin- 
ear combination of K e3 and K„ 3 shapes, and of the 
background contribution. MC shapes are corrected 
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K+2 


K 2 


K~ 2 


TV Z 


K„ 3 


0.9694(11) (49) 
0.9756(13)(50) 


1.0137(34) (52) 
1.0210(36)(52) 


0.9884(10)(47) 
0.9963(10)(48) 


1.0328(23) (32) 
1.0371 (25) (32) 



TABLE I: Tag bias per tag and per signal type, measured in MC and corrected for different Data-MC behavior Statistical 
and systematic errors are shown. 



for Data/MC differences on the calorimeter timing. 
About 300 000 K e3 and 160 000 K^ 3 have been found 
in the 2001-2002 data set. 

In figure [TJ the fit results of mf ept distribution for 
the K^ 2 tag sample is shown. The K e3 signal com- 
ponent is evident as a narrow peak around zero, well 
separated from the background. The K^ 3 signal is the 
peak around the ra 2 value. Other tag samples show 
the same behavior. 



as a function of the photon energy using a sample of 
K^ 2 decays. A Kl c3 event sample has been used to 
obtain the electron cluster efficiency as a function of 
the lepton momentum and the incidence angle on the 
EMC. Finally the muon cluster efficiency has been ex- 
tracted, as a function of the same variables than the 
electron, using a combined sample oiK^^, K^ 2 (with 
a well reconstructed tt— */x kink), and K^ 2 events. 

All the data/MC corrections are stable with respect 
to the variation of the cuts applied in selecting the 
control samples. 



> 



| Entries 54832 

• Data 

Mc fit result: • NptVv) = 34109±243 

I8999±200 



" N(Bkg-)= 1724+120 




m lept (MeV) 



FIG. 1: Fit results of 

m iept distribution for the K% 2 t a S 

sample. 



V. EFFICIENCY EVALUATION 

The selection efficiency is measured on MC and cor- 
rected for relevant Data/MC differences, in particular 
the tracking efficiency and the calorimeter clustering 
efficiency, for both photons and leptons. For each cor- 
rection, a control sample has been selected in such a 
way that the efficiency can be measured as function 
of a suitable set of variables. 

For the tracking, a kinematic fit applied to a K l3 
sample -statistically independent from the one used 
for the measurement- has been used to extract the 
tracking efficiency as a function of the kaon polar an- 
gle, the decay vertex position, and the lepton momen- 
tum. The photon cluster efficiency has been measured 



VI. RESULTS 

For all the relevant analysis aspects, the system- 
atic errors have been carefully evaluated for each tag 
sample and for each decay, taking correlations into ac- 
count. All contributions to the final error, both sta- 
tistical and systematic, are summarized in table I VII 
for both K e3 and K^ 3 measurements. The final errors 
are dominated by the statistical error of the efficiency 
corrections: the tracking is the dominant contribution 
for the K e3 measurement, while for K„ 3 , tracking and 
muon cluster corrections are at the same level. Final 
fractional accuracy ranges, depending on the tag sam- 
ple, from 1.5% to 2.1% for the K e3 , and from 1.5% to 
2.7% for the K„ 3 measurements. 

The x 2 f° r the 4 independent-tag measurements is 
1.62/3, with a probability of about 65% for the K e3 , 
and 1.07/3, with a probability of about 78% for the 
K^ 3 decays. The averages of the four results are: 

BR(K- 3 ) = (4.946 ± 0.053 st at ± 0.038 s „ st ) x 10~ 2 
BR(K+) = (4.985 ± 0.054 stat ± 0M7 Syst ) x 10~ 2 
BR(K e3 ) = (4.965 ± 0.038 st at ± 0.037 s „ st ) x HT 2 , 

for the K e3 , and 

BR{K- 3 ) = (3.219 ± 0.047 stat ± 0.027 Sj/st ) x 10~ 2 
BR(K+ 3 ) = (3.241 ± 0.037 5tat ± 0.026 Syst ) x 10~ 2 
BR(K^ 3 ) = (3.233 ± 0.029 stQt ± 0.026 Syst ) x 10" 2 , 

for the if„ 3 . The x 2 between different charge measure- 
ments is 0.17/1, with a probability of about 68% for 
the K e3 , and 0.12/1, with a probability of about 73% 
for the K^ 3 decays. Final BR results have a fractional 
accuracy of 1.1% for the K e3 and of 1.2% for the K^ 3 



Contibuted paper to Lepton Photon 2007, Daegu, Korea, 13-18 August 2007 





Ke3 




K 






Source 




K 2 


K~ 2 


K- 2 


k; 2 


K 2 


K~ 2 


K 2 




Statistical (%) 


Tag bias (TB) 


0.07 


0.14 


0.08 


0.14 


0.09 


0.18 


0.09 


0.17 


Cosmic veto corr. to TB 


0.00 


0.01 


0.01 


0.01 


0.01 


0.01 


0.01 


0.01 


Machine Bkg corr. to TB 


0.09 


0.31 


0.05 


0.17 


0.09 


0.31 


0.05 


0.17 


Nuclear int. corr. 


0.32 


0.57 






0.32 


0.57 






Fit counting 


0.40 


0.71 


0.40 


0.72 


0.61 


1.05 


0.60 


1.08 


e correction 


1.17 


1.67 


1.24 


1.78 


1.61 


2.25 


1.12 


2.27 




Systematics: signal (%) 


e corr. (TRK) 


0.54 


0.54 


0.53 


0.53 


0.44 


0.43 


0.43 


0.43 


£ corr. (lepton clus.) 


0.00 


0.00 


0.00 


0.00 


0.14 


0.14 


0.14 


0.14 


e corr. (7r°) 


0.24 


0.25 


0.24 


0.24 


0.21 


0.21 


0.21 


0.21 


Fit 


0.13 


0.19 


0.35 


0.15 


0.03 


0.16 


0.19 


0.06 


Selection cuts 


0.17 


0.17 


0.17 


0.16 


0.49 


0.49 


0.49 


0.48 




Systematics: acceptance (%) 


Nuclear int. corr. 


0.18 


0.39 






0.18 


0.39 






T± 


0.09 


0.09 


0.09 


0.09 


0.09 


0.09 


0.09 


0.09 






Systematics: 


tag bias corrections (%) 




Machine Bkg 


0.36 


0.06 


0.37 


0.05 


0.36 


0.06 


0.37 


0.05 


Cosmic veto 


0.04 


0.02 


0.03 


0.04 


0.04 


0.02 


0.03 


0.04 


Nuclear int. 


0.09 


0.13 






0.09 


0.13 








Total (%) 




1.49 


2.08 


1.54 


2.03 


1.95 


2.71 


1.52 


2.63 



TABLE II: Summary of all fractional contributions to the error on K e3 and branching ratio measurements. 



decays, and are in agreement within the errors with 
the KLOE preliminary results 

The tk value affects the BR values via the geometri- 
cal acceptance evaluation. From suitable MC sample 
the BR dependency on the tk has been estimated: 
BR(K 13 ,t) = BR(K 13 ,t°)-(1-0A5(t k -t°)/t ), with r° 
= 12.36 ns,BR( J fC e3 ,r°) = 4.968%, and BR(!^ 3 ,t ) = 
3.234%. The final results are evaluated using the 
PDG06 [| fit value r = 12.384(24) ns. 

While the correlation between the K e3 and K„ 3 sig- 
nals induced by the fit procedure is low (about 1%), 
a correlation is caused by the corrections to the tag 
bias, which are equal for the two signals, by the same 
Data/MC corrections for the tracking and the cluster- 
ing, and finally by the selection cuts. Excluding the 
error coming from tk value, the complete information 
is contained in the error matrix: 

0.2780 0.1268 \ in _ 6 
x 10 , 

0.1268 0.1510 J 

from which a 62.74% of correlation between K e3 and 
K„ 3 can be extracted. 

For K^ 3 only also the dependency on Ao has to be 
considered. The final BR(K 3 ) has been evaluated 



using A ~0.015 and the relation BR(K^ 3 ) = 0.0327 - 
0.0230 Ao, obtained from a dedicated MC study. The 
limited knowledge of Ao value gives a negligible con- 
tribution to the systematic error. 

The BR are completely inclusive. The radiated pho- 
ton acceptance is determined with a generator that 
uses the soft-photon approximation to sum the am- 
plitudes for real and virtual processes to all order of 




The ratio R^ e =T(K 3 ) /T(K e3 ) has been measured 
in the four tag samples used for the BR measure- 
ments. With respect to the BR, R benefits of 
smaller tag bias corrections ranging from 0.4% to 
0.8% depending on the tag sample. The correla- 
tion between K e3 and K„ 3 coming from the fit pro- 
cedure and from the efficiency corrections has been 
taken into account in calculating the error on R^ e . 
As in the BR determination, the errors are domi- 
nated by the statistics of the efficiency corrections. 
The average of the four tag sample measurements is 
Rjf e LOE = 0.6511 (46) stat (73)s yS f This measurement 
has a fractional error of about 1.3% and is in agree- 
ment within the errors with the theoretical prediction: 
R S £= (1 - <&)/(! - Sic) ■ MWlc) = 0-6646(61), 
where the integrals (1% and 1^) and 631/(2), S em cor- 
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rections are from 



VII. V U s DETERMINATION FROM KLOE 
RESULTS 

The BR's of the semileptonic K decays, together 
with the already published results for the semileptonic 
decays of the Kl and K$ ||, allow five indepen- 
dent determinations of the observable |U US /+(0)|, as 
shown in Fig. [21 All inputs, but K l3 branching ra- 
tios, needed to extract | V us / + (0) | are from @. The 
average of the five |U us /+(0) values, taking correla- 
tions into account, gives |U US / + (0)| = 0.2154(5), with 
X 2 = 4.37/4, and has a probability of ~36%. Using 
/+(0)= 0.961(8) from 10], V us is 0.2241(19). This is 
compatibilc with the Unitarity at 1.5 a, in fact us- 
ing Kd=0.97377(27) [nj], V nd 2 +V us 2 -1 is equal to - 
0.0015(10). |14 s /+(0)| can be evaluated also by charge 
state. Using Ks,l values we obtain 0.2155(6), while 
using we obtain 0.2146(12). These two determi- 
nation have a x 2 of 0.48/1 with a probability of 49%. 

The comparison of U us /+(0)| results by charge 
state, allow to evaluate empirical ASU(2) correction. 
This is 1.88(58)%, and has to be compared with the 
Xpt prediction of 2.31(22)%. The two evaluations are 
in agreement within the errors. 

Lepton universality can be tested comparing the 
R^ e value from the K l3 measurements, R?e, and the 



one from the SM expectations, R^e, defined in the 
previuos section. Defining r pe = R^ 8 / R^ 1 , and us- 
ing the BR KLOE results we obtain for neutral kaon 
r^e{KL,s) = 1-013(9), and for charged kaon r Aie (if ± ) 
= 0.988(11). Both results are compatibilc with 1 
within the errors, and average to r^ e —l. 003(7), with 
a x 2 01 3.60/1 and a probability of 5.8%. 
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FIG. 2: |Vua/+(0)| measurements from KLOE K l3 results. 
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